Knave et aP5-have found no similar problems associated with electric field exposure in either switchyard workers or linesmen.
The suggestion that occupational exposure to the electric fields near power transmission plant might have adverse effects on human health first began to be made in the Soviet Union in the late 1960s and early 1970s. Korobkova et al reported that workers in new 500 kV switchyards in the Ukraine complained of several non-specific symptoms, such as tiredness, headache, nausea, and loss of sexual potency, which wvere attributed to exposure to high electric fields.' Rules were published in the Soviet Union which put limits on permissible occupational exposure to electric fields greater than 5 kV/m. Subsequent studies of comparable scope in the Westfor example Malboysson,2 Roberge,3 Stopps et al, 4 Knave et aP5-have found no similar problems associated with electric field exposure in either switchyard workers or linesmen.
Nevertheless, if there is one general criticism that might be made of all studies so far carried out it is that exposures to electric fields have been in varying degrees estimated rather than measured directly. In the present study we have attempted to remedy this deficiency by including individual exposure measurements for the whole study population. Our aim has been to relate these exposure measurements (together with estimates of exposure produced by local management) to several possible indicators of Received 30 January-1984 Accepted 20 February 1984 ill health as elicited by a questionnaire interview.
The groups chosen for study consisted of the non-clerical staff of three Central Electricity Generating Board (CEGB) transmission districts in the south west of England and South Wales, together with a group of similar staff of the South Wales Electricity Board (SWaEB). The CEGB staff o,prated and maintained transmission lines and substations running at 132, 275, and 400 kV. The SWaEB staff worked with distribution systems running at 11, 33, 66, and 132 kV; the geographical area they covered overlapped with that of CEGB South Wales district. From the nature of their duties, it was expected that the CEGB groups were more likely to be exposed to high electric fields than the SWaEB group.
From a general occupational health point of view, the interview results contain much interesting material, particularly on the health differences between different jobs. In the present report, however, we concentrate on the relationships with exposure to electric fields.
Methods and measurements
For a two week period, closely preceding his questionnaire interview, each subject wore a simple 76 360 volts per metre. Sometime earlier, estimates had been made of the percentage of his working time that the man had spent exposed to low, medium, and high field strengths during the past six months and also during the past 15 years.
The interview questions, about 150 in all, included several directly related to symptoms of the type originally reported from the Soviet Union. They were administered by CEGB nurses, specially trained in a standard interview technique and methods of coding the responses.
The interviews and exposure assessments were carried out quite separately so that people collecting one set of data were prevented from being influenced by a knowledge of the other set. The two separately coded data sets were brought together for analysis at Oxford. This procedure incidentally helped to maintain confidentiality of the information and was known to the respondents.
Within the four districts studied 540 men were identified as potential subjects. There are no other lost data. With regard to exposure measurements, therefore, the present findings are based on 287 subjects; with regard to exposure estimates, they are based on 390 subjects and, for health interviews alone, on 399 subjects. Jobs were classified into five main categories; fitters, linesmen, engineers, substation attendants, and miscellaneous others.* Table 1 gives the distribution of subjects between the various jobs and districts.
Exposure assessments MEASUREMENT TECHNIQUE In this context the term " exposure" has no generally agreed definition. Nevertheless, in their study of Ontario Hydro transmission workers, Stopps and Janischewskj used a parameter that combined field strength (E) and duration (t) in the simplest possible way-that is, exposure = fE dt.4 A similar parameter had been suggested by Deno in conjunction with his design for an -electrochemical "dosimeter."6 Whereas this method of quantifying exposure is convenient, it should be emphasised that there is little evidence for supposing that it has any significance in terms of biological effects-for example, that long exposure to low fields is in any way equivalent to short exposure to high fields. Individual subjects of different height and build, however, gave mean responses up to 20% above or below this average, and individual readings were themselves subject to considerable variability on different occasions, due partly to differences in clothing and footwear and partly to the precise way the armband was worn and the way the meter was positioned within it. For a given subject standing upright, the standard deviation of calibration readings taken under similar exposure conditions was about 20%. For practical reasons, however, the overall average response of 82 ,uC/kVm-' h quoted above was assumed throughout the survey, with no allowance for individual subject variations or postures or for possible non-uniformity of the actual field configurations that might have been encountered.
As a result of polarisation effects within the electrochemical cells, the minimum "zero-exposure" read out was about 150 ,uC and over a two week period this figure tended to drift upwards, although the "noise" thus introduced was effectively non- The most heavily exposed group were in the CEGB South Wales district, with 13 subjects out of 50 recording above the threshold and the largest exposure being 242-6 kVm-' h. The least exposed group were the SWaEB distribution staff, also in South Wales but working exclusively with lower voltage systems (132 kV and below). They registered exposure in only two cases out of 121, and the most exposed individual recorded only 11-6 kVm-' h over the ten working days.
COMPARISON WITH ESTIMATES
In considering the above results, it comes as no surprise to find that distribution staff (the SWaEB group) were rarely exposed. They had been included in the survey with this expectation. What is surprising is the comparative rarity of exposure among the transmission staff. Of the 166 measurements, only 26 exceeded the detection threshold, their average being 3 19 kVm-' h per working day.
The exposure estimates made in the present study suggest average exposures considerably greater than those indicated by the measurements. The estimates were made by a senior engineer in each district on the basis of his own records and personal knowledge of the work histories of the men concerned. They were guided by electric field maps of typical substation and overhead line environments and were made in terms of subjective judgments of the percentage of the man's working time spent in three. bands of field strength: 1-5-5-5, 5.5-9-5, and >9.5 kV/m for *In an attempt to reduce bias due to noise, 41 of the later measurements were made differentially, with preinjected meters. Their median value was 3-6 kVm ' h less than that of the remainder. This difference was added individually to all such differential results below the 6-6 kVm h threshold before combining them with the general pool for analysis. In only one case did this raise a result from below the threshold to above it. Health of workers exposed to electric fields Hydro linemen averaged 6 9 kVm-' h a day.4 Our six " exposed" linesmen averaged only 2*10 kVm-' h a day, although it should be borne in mind that CEGB staff do not undertake live line work. The Ontario study quotes an average exposure of 12-7 kVm-' h a day for station workers (who would be classed as fitters in the present study) also based on a combined measurement and estimation approach. Our 12 "exposed" fitters averaged 4 04 kVm-' h a day with an overall average for fitters (even assuming all the "non-exposed" to be at the detection threshold) of only 1 14 kVm -I h a day.
INTERVIEW MEASURES
In looking for possible effects of exposure attention should be concentrated on the ten main health scores listed in table 4. Five of these (Nos 5-8 and their total No 9) are based on 25 of the original questions in the interview; these questions were modified from the Middlesex Hospital Questionnaire (MHQ) (Crown and Crisp7'). That questionnaire has been shown to give higher scores in people assessed as ill by more thorough medical examination than it does in the general population; it has been slightly modified for use in industrial rather than hospital populations by Broadbent and Gath9; see also Broadbent."' The revised version has again been checked by ourselves against independent examination of a series of patients to make sure that the four scores are related to the assessment that would be given by direct medical interview. The four scores are of anxiety (0-14), depression (0-14), somatic (bodily) symptoms (0) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , and obsessional symptoms (0) (1) (2) (3) (4) (5) (6) (7) (8) . The questions, as it happens, do not ask about headaches, which are often mentioned in connection with exposure to electric fields; each man was therefore asked to assess his own experience of headaches in the past six months on a scale 0-3. For completeness, the man was also asked to recall the number of visits to the doctor in the past 79 six months, whether he had taken any medicine on a prescription in the same time (yes/no), and whether he had taken any unprescribed medicine regularly or frequently (yes/no).
Finally noted in Table 4 shows the intercorrelations of the various health measures; many of them are positively correlated-that is, people who report headaches also tend to have high depression scores, and so on. This is particularly true of the MHQ measures, and for many purposes the total MHQ score may be used as a typical measure of ill health.
The fact that the average measures for the whole population are low should also be noted. That is, this group is in general fit rather than unfit. Average scores of less than one on anxiety, depression, and obsessional symptoms are creditable. workers is significant, usually enormously so, F being over 30 for the three MHQ scales. On the MHQ scales the differences from the Health Service workers are also significant.
The present study also included several other questions, many of them concerning features of the job itself other than exposure. These yielded 64 scores in all. Most of those featured in the tables or discussed in the text are self explanatory, such as the hours of overtime worked each week in the previous month or the amount of physical work done. One measure that perhaps needs clarification is the degree of discretion in the job; this is the sum of several questions used by Karasek'2 13 which ask the person about the amount of control he exercises over his work. Jobs with high and low discretion are known to differ in various indices of health.
Analyses performed
In examining relations to measured exposure the actual meter readings, regardless of level, were initially used as the score for each man. As noted earlier, however, readings up to 6-6 kVm-' h should probably be regarded as the noise in the measurement system. We shall see evidence later that supports this view. For later analyses, therefore, we divided men into "exposed" and "non-exposed" using this level of 6 6 kVm-' h as the cutting point.
The following analyses were carried out. (a) Product-moment correlations were calculated over the available populations for all the variables concerned-that is, not only the seven exposure indices and the ten main measures of health effects but also the 64 other measures relating to features of the job.
(b) The population for whom measurements were available was then split into those with exposures of 6-6 kVm-' h or over (28 men) and the remainder (259 men), and the two groups were compared on the average value for each of the other 80 variables.
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This was because of the possibility that differences in measured exposure might ;at the lower levels be simply random error. For the same reason, the correlation matrix of (a) was recalculated for the 28 exposed men alone.
(c) Because job and geographical district appeared to be related to exposure, the men were divided according to the five categories of job and the three geographical districts. Within each of the 15 cells thus formed the exposed men were separated from the non-exposed. A three way analysis of variance was then performed, separating the effects of exposure, district, and job and correcting each for the effects of the other two (SPSS "classic" approach, options 7 or 8).' The dependent measures examined in this way were total MHQ, each of the subscales, cognitive failure, job dissatisfaction (scale 0-3), headaches, personal problems (0-2), and the taking of unprescribed medicine.
These analyses examine effect of exposure corrected for job and district. It could be argued, however, that the main effects should be corrected for interactions (changes in the size of one effect in the presence of another). Analyses were therefore performed using this technique (SPSS option 9)14 for total MHQ, cognitive failure, and job dissatisfaction.
( Relations with the estimated exposures are also predominantly negligible, only six of the 60 correlations being statistically significant. Furthermore, three of these are in the direction of more exposed men having fewer symptoms. The three positive ones are the correlation of frequency of visits to the doctor with estimated 15 year exposure to low fields, and of taking unprescribed medicine with estimated six month and 15 year exposures to low fields, the relationships reversing for medium and high fields. As we shall see later, the most plausible explanation of these paradoxical relationships is that exposure differs in different jobs; we would not argue that exposure to electric fields makes people healthier. As some indication of the sensitivity of the study, well with each other; not one of the six estimates was significantly correlated with the actual exposure readings. As the distribution of exposure readings was heavily skewed, product-moment correlations are suspect. Furthermore, it was thought that much of the variation in those measurements less than 6-6 kVm-' h was attributable to noise and only readings above that value were truly due to exposure. Accordingly, we proceeded to the second analysis.
COMPARISON OF EXPOSED AND NON-EXPOSED GROUPS
When the correlation analysis was repeated on the exposed men only, no special fresh findings emerged, apart from a single significant positive correlation between estimated 15 year exposure to high fields and frequency of visits to the doctor (see table 8 ).
Nevertheless, the separation into two sharply distinct groups did indeed find several factors to be different for the exposed and non-exposed men and these are shown in table 9. The exposed men do jobs with greater physical work, travel more, have less to remember, and normally do less overtime. The difference in estimated recent exposure is particularly satisfactory because it increases confidence in both Health of workers exposed to electric fields 81 The appearance of these significant differences once we separate out those with definite measured exposure is possibly due to the skewness of the distribution of actual meter readings and it lends weight to the argument that the lower readings are largely spurious. The difference in total MHQ scores between the two groups, however, is numerically only about two thirds the size necessary to achieve significance. Therefore, although we have a clear difference in the types of job done by the exposed men, there are no definite indications about their health and there is a need for further analyses.
As we shall see later, these analyses will make us conclude that there is no evidence for effects of exposure on health; the insignificant difference in MHQ scores between exposed and non-exposed is accounted for by differences in job and district. Before drawing a negative conclusion, however, it is proper to explore the devirls advocate hypothesis that some contaminating factor is concealing an effect of exposure. One such factor might itself be the nature of the job done by an individual. If, for instance, exposed workers were in jobs that were in other ways healthier, that might explain the absence of overall effects on health.
DIVISION OF SAMPLE BY DISTRICT AND JOB
In fact, the number of people exposed is related to the category of job they do and to the district they come from (p < 0-01 in each case) and this confirms the differences in job related factors found already. The proportion of exposed men is significantly different between districts and between jobs. Note that in most cases the MHQ score indicates poorer health for the non-exposed group. differ by exposed group having lower mean. Job dissatisfaction and personal problems have been given, rather than visits to doctor and prescribed medicine as in other tables, because the latter measures showed no effect of any factor. lems) give significant effects. In each case the CEGB South Wales district is, in fact, the highest; possible reasons will appear later. Differences between jobs are also prominent; two of the MHQ measures and the total MHQ score give significant differences, the substation assistants and fitters having the most symptoms and the "others" the least.
If we now turn to the effects of measured exposure, however, we find that not one of the ten variables shows a significant difference. Furthermore, the correction has actually reversed the difference between exposed and non-exposed in the uncorrected means for total MHQ (table 9) and for certain other scores. Thus it is not merely that these differences fail to reach the level of significance; numerically, they are in the direction of greater health for exposed men. Because of the dependence of corrected means on the exact assumptions used in their calculations, they are not shown in table 11; but the measures are marked that give reversed differences when corrected.
EXTRA PRECAUTIONARY ANALYSES
The analyses of variance based on different assumptions, and the two way analyses, all came to the same conclusion as the main ones. Similarly, correlating the exposure indices (both measurements and estimates) with the dependent measures separately within each district required no change in the negative conclusions reached over the whole sample. Correlating mean MHQ in a job/district cell with other properties of that cell showed that the exposed men tended to come from cells which seemed to have poor health in general; the proportion of exposure in a cell correlated not only with the mean MHQ of the exposed men (tau = 0.66), but also with that of the non-exposed men (tau = 0.56). We therefore considered the hypothesis that in those cells there might be some exposure that was not shown either by estimate or by measurement in one sample of two weeks; however, there seems no need to believe this, because those cells are also high in other factors that are known to impair health. For example, the mean MHQ of the non-exposed men in a cell is correlated (tau = 0.52) with a measure of the abnormal overtime that has been worked in that cell in the past month. It seems in fact that exposure is tending to occur in job/district combinations where operational problems are causing extra load on the staff, and this is reflected in the MHQ scores even of the non-exposed men.
Conclusions
We have found no evidence in the transmission and distribution staff studied for health effects of occuHealth of workers exposed to electyic fields 83 84 pational exposure to electric fields, whether measured or estimated. Naturally some caution must be used in drawing inferences from this result. Firstly, it may be that there is an effect of electri fields, but that it is on some aspect of health we have not studied. Secondly, it is conceivable that there could be an effect at higher levels of exposure. Thirdly, it is possible that there is an effect only on certain vulnerable individuals or in the presence of some factor such as outside stress, which is reversed in other individuals or conditions. (We have noted that our sample is a relatively healthy one.)
Nevertheless, the present study has been sensitive enough to show clear health differences between job categories and geographical districts. It has also detected the effects of working alone, working long hours, and, particularly, of having changed shift several times in the past three days. The fact that such aspects of the job may be associated with poor health provides one possible explanation for the original observations from the Soviet Union that workers in high voltage substations have poor health. If jobs with exposure mean working long hours, shift work, or working alone, or a combination of these one might well detect symptoms in the people concerned. The present data associate ill health with the other features of the job, not with the degree of exposure.
